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1. INTRODUCTION 

The electric power systems have been utilized for decades to fulfil the exponential growth of 
electrical power demand. This has resulted in a rapid construction of new transmission lines to connect the 
consumers with electricity. A variety of loads such as induction motor tends to consume reactive power [1-3] 
and it has altered the system stability thus decreasing the electric power system efficiency. The governments 
around the globe are trying to improve power system to reduce electricity production cost and boost energy 
independence [4]. The disturbance of a system due to sudden changes of load, the sudden short circuit and 
voltage surge. The ability of the power system to return to its normal operating rating after being disturbed is 
called stability. According to [5], power system stability is the ability of an electric power system, form a 
given initial operating condition, to recoup a state of operating equilibrium after subjected to a physical 
disturbance, with bounded system variables to improve practicality. Dong et al [6] added that the power 
system is highly nonlinear system that works in a constantly changing environment; generator outputs, loads 
and key operating parameters change frequently. Small-disturbance voltage stability is the system ability to 
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retain steady voltages when a small perturbation such as incremental changes in system load occur [7, 8]. 
Only small-disturbance voltage stability is being investigate in this research. 

With the emerging technology of flexible AC transmission system (FACTS) controllers which 
provide fast and reliable control over voltage angle, magnitude and line impedance such as static 
synchronous compensators (STATCOM’s). According to [1], STATCOM is defined by IEEE as self- 
commutated switching power converter supplied from an appropriate electric energy source and operated to 
produce a set of adjustable multiphase voltage, which may be coupled to an AC power system for the 
purpose of exchanging independently controllable real and reactive power. STATCOM provide means of 
significant real power modulation capability [9, 10]. The application of STATCOMs for short-term voltage 
stability improvement has been proved in many studies with the focus on reactive power control and voltage 
regulation using Lyapunov-based adaptive controller [11, 12] and feedback linearization [13]. A STATCOM 
generally consists of a DC capacitor, an inverter and a coupling transformer [14]. The correct sizing and 
placement of STATCOM is importance as it need to be economically feasible and logical to be implemented 
in the power system. There are several calculations that must be done to determine the parameter of the 
modelled power system either STATCOM model in steady-state analysis or in the dynamic models [14-16]. 

The ESS stores energy in form of magnetic field due to the flow of direct current in coil. The energy 
is stored for a limited time and can be transform back into electricity [17, 18]. It is generally used for short 
duration energy storage and commonly to improve power quality. The ESS efficiency reduces during energy 
transformation processes due to storage losses and efficiencies. Energy storage system (ESS) is a type of 
device used to store electrical energy in certain form and released it when required. The general process of 
converting the electrical energy is through an energy conversion module (ECM) into a different form or an 
energy storage medium (ESM) either electrical, mechanical or electrochemical [17, 19]. To obtain the 
suitable size of ESS, the sufficient power of ESS and its energy capacity must be considered. The number of 
cycles and SoC of the ESS operation are two main element being analyse to predict the suitable ESS models 
[20-22]. Capacitor bank energy storage system (CBES) which is a type of energy storage system (ESS) 
available in DIgSILENT Power Factory Environment. Capacitor bank is a group of several capacitors of the 
same rating that are connected in series or parallel with each other to store electrical energy. The capacitor 
bank is utilized because it has the cheapest cost compared to other type of ESS to improve the reactive power 
of a power system. CBES is used to compensate reactive energy. The appropriate placement can maximize 
the performance of ESS for peak demand mitigation, power quality improvement, reduction of overall 
network cost, peak demand mitigation, system effectiveness and RES integration [23, 24]. 

The combination of STATCOM and ESS allows more reactive power to be absorb, generated and 
compensated. The STATCOM and ESS are connected to existing system through a coupling transformer. 
The conventional STATCOM has only two steady state operating modes which are inductive (lagging) and 
capacitive (leading). The output voltage magnitude and the phase angle of the STATCOM can be controlled 
but it cannot be independently adjusted as it has no active power. The combination of STATCOM with ESS 
has extend the operating modes into four which are inductive with dc charge, capacitive with dc charge, 
inductive with dc charge and capacitive with dc charge. For both charging and discharging modes of ESS, the 
voltage dc is assumed to be constant. The voltage source converter will operate as rectifier to receive the 
energy from utility provider. The suitable location and value for both STATCOM and ESS need to be 
determined based on the weakest bus location. The weakest bus generally located far from generator buses 
and interconnecting with other load buses. The model of STATCOM and ESS in IEEE 14 bus system will be 
simulated by using DIgSILENT Power Factory and the result will be analysed. 


2. STATCOM AND ESS TOPOLOGY 

The STATCOM and ESS are combined to increase the ability of the simulated IEEE 14 bus system 
in DIgSILENT Power Factory environment to endure any increase in system loadability. The STATCOM is 
able to inject and absorb reactive power while ESS is used to compensate reactive energy. This system is 
made up of one slack bus, three generator bus and 10 load bus as shown in Figure 1. The location of 
STATCOM and ESS will be determined based on the weakest bus location due to voltage drop when the 
system loadability is increased. 

The modelled IEEE 14 bus system is simulated in 4 different case studies. For Case 1, the IEEE 14 
bus system is set to be a base and reference case system. The system is simulated in a normal condition with 
100% loadability as standardized by IEEE Standards Association [25]. All the parameter of the components 
was Set as in [25]. The modelled system was designed in DIgSILENT Power Factory Environment to observe 
the system stability when there is no disturbance in the system which can also be known as an ideal system. 
For case 2, the value for all components were kept constant except for the general load. The system 
loadability of the simulated system was increased to 200% of the standard value from case 1. The system 
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loadability was increased in order to make the system enters an unstable state. The bus voltage p.u and bus 
voltage kV of each of the bus was observed and recorded for analysis. 

To improve the power system stability, STATCOM and ESS are used in the simulated system to 
inject and absorb reactive power and to compensate the reactive energy. For case 3, the STATCOM is being 
introduced towards simulated system in case 2. The inclusion of STATCOM is to improve the stability of the 
modelled system. The STATCOM was included at a suitable location with an acceptable size (value) to 
increase the stability of the modelled system. The changes in the bus voltage p.u and bus voltage kV were 
observed and recorded to be analysis. Meanwhile, for Case 4, the ESS is being introduced towards the 
simulated system in case 3. The type of ESS chosen is capacitor bank energy storage system (CBES) because 
of its ability to compensate reactive energy. The CBES was included at an appropriate location with the right 
size (value) to further increase the stability of the modelled system. The system stability was observed and 
recorded to be analysis and compared. 

The ESS is connected to a bus containing STATCOM and a transformer. The CBES is set as an AC 
source to compliance the circuit needs by compensate the reactive energy. The rated reactive power set for 
the capacitor bank is 5 Mvar with 7% degree. The nominal voltage for the capacitor bank is 0.4kV and the 
capacitor bank is using an AC system type setting. Meanwhile, the control mode of the STATCOM is Vdc-Q. 
The reactive power setpoint of the chosen STATCOM is 38 Mvar with control mode of Vdc-Q. The DC 
voltage setpoint of the STATCOM is 1 p.u with capability curved of -400 Mvar minimum and 400 Mvar 
maximum. The reactive power limit can be controlled using the user interface and it can be freely modified. 
The simulation in DIgSILENT Power Factory software use Newton-Raphson method to accurately calculate 
the load flow of bus voltage p.u and bus voltage kV at each of the bus. 





Figure 1. The IEEE 14 bus system with STATCOM and ESS in DIgSILENT 


3. NEWTON-RAPHSON POWER FLOW ALGORITHM 

Newton-Raphson power flow algorithm is an efficient algorithm to solve non-linear equation. 
It transforms the procedure of solving nonlinear equations into the procedure of repeatedly solving linear 
equations which is known as linearization. A system of n non-linear equations with n unknowns is defined as: 
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Where, the f (x) is the function of P (PV and PQ bus) and Q (PQ bus) with variable of x. In this 
case x is V and 6 for (Slack, PV and PQ bus). All P, Q and V terms are in per unit and 6 term are in degree. 
The variables for Slack bus (V1 and 61) are omitted since they already known as (1 40°). 

Set the tolerance value and number of iterations. Specify all the admittance data and bus 
type. Let x° be the initial guess value (for unknown value of V (PQ bus) and 6 (PV and PQ bus). 


Fo 63) 


Form the power balance equation and substitute in the initial guess value (from Step 1) into (x) to 
determine new approximate value, f (x)! which is (k)and Q(k). 


Pk = Vg et Vn [Gen COS(Ox — ôn) + Bun sin(d, — ôn)] (4) 


Qk = Vk Dri Va [Gen sin(d; — n) — Brn cos (6, — n] (5) 
Where, k = 2, 3, ..., N. 


Form the Jacobian matrix (J) that contains n x n matrix. The elements in J are the partial derivatives 
of f (x)',where 1 is the value of current iteration. The Jacobian matrix, J can be expended as (6). 
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For nonlinear system, the equation of y = Ax is arranged as shown below, 


J.Ax = Af (x) (7) 
Ji’ J2} faôi] _ JAP! 
J3' ya! w= not (8) 


Calculate the new Ad and AV, using any method to solve matrix such as Cramer’s Rule, 
Gauss Elimination, LU Decomposition. 


sep fas ° 
AVi] (3i Jil LAQ 

Calculate the new ô and V, 
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Calculate the power flow (both real and reactive power) for each line, 


A * V (V —Vn)* 
Sin = Pen + IQkn = VI ae (11) 


4. RESULTS AND ANALYSIS 

The simulation was run with 100% loadability for case 1, 200% loadability for case 2, 200% 
loadability with STATCOM at bus 14 for case 3 and 200% loadability with STATCOM and ESS at bus 14 
for case 4. Only the parameter of bus voltage (p.u and kV) are being monitored and compared during 
research. The STATCOM is used to generate and absorb reactive power while the ESS is used to compensate 
reactive energy. The need for application of STATCOM and ESS for power system stability improvement are 
being considered in these studies. 


4.1. Result for Case 1 


In case 1, the simulated system is set as an ideal system with no disturbance as a reference. 
The simulated IEEE 14 bus system was run with 100% loadability without STATCOM and ESS. The bus 
voltage (p.u) and bus voltage (kV) were monitored during the simulation. 

Figure 2 shows the bus voltage (p.u) for case 1. Bus 1 and bus 3 has the highest voltage (p.u) at 
1.050 p.u and 1.040 p.u respectively. Meanwhile, bus 9, bus 10, bus 13 and bus 14 are monitored. 
According to [26] bus 14 is identified as the weakest bus. 


CASE 1 - Bus Voltage (p.u) 
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Figure 2. Bus voltage (p.u) in case 1 


Figure 3 shows the bus voltage (kV) for case 1. Bus 1 has the highest voltage (kV) at 138.6 kV and 
bus 3 has the second highest voltage (kV) at 137.2 kV. The load bus mainly has higher than 33 kV rating. 
The voltage (kV) at bus 9, bus 10, bus 11, bus 12, bus 13, and bus 14 are 33.70 kV, 33.54 kV, 33.74 kV, 
33.68 kV, 33.52 kV and 33.01 kV respectively. 


CASE 1 - Bus Voltage (kV) 
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Figure 3. Bus voltage (kV) in case 1 
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4.2. Result for Case 2 

In case 2, the simulated IEEE 14 bus system was run with 200% loadability without STATCOM and 
ESS. The bus voltage (p.u) and bus voltage (kV) were monitored during the simulation. 

Figure 4 shows the bus voltage (p.u) for case 2. Bus 1 and bus 3 has the highest voltage (p.u) at 
1.050 p.u and 1.040 p.u respectively. Meanwhile, bus 9, bus 10, bus 13 and bus 14 are 0.965 p.u, 0.962 p.u, 
0.988 p.u and 0.935 p.u respectively. The bus 14 has the lowest bus voltage (p.u) after the system loadability 
is increase to 200%. Therefore, it can be classified as the weakest bus. 


CASE 2 - Bus Voltage (p.u) 
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Figure 4. Bus voltage (p.u) in case 2 


Figure 5 shows the bus voltage (kV) for case 2. Bus 1 has the highest voltage (kV) at 138.6 kV and 
bus 3 has the second highest voltage (kV) at 137.2 kV. The majority of load bus has lower bus voltage (kV) 
than 33 kV rating except for bus 4, bus 5 and bus 12. The voltage (kV) at bus 9, bus 10, bus 11, bus 12, 
bus 13, and bus 14 are 31.85 kV, 31.73 kV, 32.69 kV, 33.04 kV, 32.59 kV and 30.84 kV respectively. 


CASE 2 - Bus Voltage (kV) 
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Figure 5. Bus voltage (kV) in case 2 


4.3. Result for Case 3 

In case 3, the simulated IEEE 14 bus system was run with 200% loadability with STATCOM at bus 
14. The bus voltage (p.u) and bus voltage (kV) were monitored during the simulation. 

Figure 6 shows the bus voltage (p.u) for case 3. Bus 1 and bus 3 has the highest voltage (p.u) at 
1.050 p.u and 1.040 p.u respectively. Meanwhile, bus 9, bus 10, bus 13 and bus 14 are 0.982 p.u, 0.976 p.u, 
0.999 p.u and 0.985 p.u respectively. The voltage (kV) of bus 14 increase considerable after STATCOM is 
installed at bus 14. Figure 7 shows the bus voltage (kV) for case 3. Bus 1 has the highest voltage (kV) at 
138.6 kV and bus 3 has the second highest voltage (kV) at 137.2 kV. The majority of load bus has bus 
voltage (kV) closed to 33 kV rating except for bus 4 and bus 5. The voltage (kV) at bus 9, bus 10, bus 11, 
bus 12, bus 13, and bus 14 are 32.41 kV, 32.20 kV, 32.93 kV, 33.24 kV, 32.97 kV and 32.51 kV respectively. 
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4.4. Result for Case 4 

In case 4, the simulated IEEE 14 bus system was run with 200% loadability with STATCOM and 
ESS at bus 14. The bus voltage (p.u), bus voltage (kV) and bus voltage (deg) were monitored during 
the simulation. 


CASE 3 - Bus Voltage (p.u) 
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Figure 6. Bus voltage (p.u) in case 3 


CASE 3 - Bus Voltage (kV) 
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Figure 7. Bus voltage (kV) in case 3 


Figure 8 shows the bus voltage (p.u) for case 4. Bus 1 and bus 3 has the highest voltage (p.u) at 
1.050 p.u and 1.040 p.u respectively. Meanwhile, bus 9, bus 10, bus 13 and bus 14 are 0.987 p.u, 0.980 p.u, 
1.002 p.u and 1.000 p.u respectively. The voltage (kV) of bus 14 increase considerable after STATCOM and 
ESS is installed at bus 14. The bus located closed to bus 14 also gain increase up to 1.009 p.u at bus 12. 
Figure 9 shows the bus voltage (kV) for case 4. Bus 1 has the highest voltage (kV) at 138.6 kV and bus 3 has 
the second highest voltage (kV) at 137.2 kV. The majority of load bus has bus voltage (kV) at or closed to 33 
kV rating except for bus 4 and bus 5. The voltage (kV) at bus 9, bus 10, bus 11, bus 12, bus 13, and bus 14 
are 32.58 kV, 32.33 kV, 33.00 kV, 33.30 kV, 33.08 kV and 33.00 kV respectively. 


4.5. Result Comparison and Discussion 

Figure 10 shows the comparison of bus voltage (p.u) for load buses. Bus 14 has the highest different 
in voltage (p.u) which is 0.065 p.u before and after applying STATCOM and ESS because the STATCOM 
and ESS are being applied at bus 14. The rating for STATCOM is 38 Mvar while the rating of the ESS is 5 
Mvar. Bus 9, bus 10 and bus 13 are second, third and fourth highest different in voltage (p.u). This is due to 
the location of bus 9 and 10 in line with bus 14 and no generator located closed to each of the bus. Bus 13 is 
place fourth because it was connected to a generator bus which is bus 6. Bus 4 and bus 5 has the lowest 
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different in voltage (p.u) which are at 0.003 p.u. Both buses are located far from bus 14, thus the 
effectiveness of STATCOM and ESS are diminish. 


CASE 4 - Bus Voltage (p.u) 
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Figure 8. Bus voltage (p.u) in case 4 


CASE 4 - Bus Voltage (kV) 
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Figure 9. Bus voltage (kV) in case 4 


4.5. Results Comparison and Discussion 

Figure 10 shows the comparison of bus voltage (p.u) for load buses. Bus 14 has the highest different 
in voltage (p.u) which is 0.065 p.u before and after applying STATCOM and ESS because the STATCOM 
and ESS are being applied at bus 14. The rating for STATCOM 1s 38 Mvar while the rating of the ESS is 5 
Mvar. Bus 9, bus 10 and bus 13 are second, third and fourth highest different in voltage (p.u). This is due to 
the location of bus 9 and 10 in line with bus 14 and no generator located closed to each of the bus. Bus 13 is 
place fourth because it was connected to a generator bus which is bus 6. Bus 4 and bus 5 has the lowest 
different in voltage (p.u) which are at 0.003 p.u. Both buses are located far from bus 14, thus the 
effectiveness of STATCOM and ESS are diminish. 

Figure 11 shows the bus voltage (kV) comparison for load buses. There are small changes of bus 
voltage (kV) from case 2 to case 4. The rated bus voltage (kV) for most load buses are 132 kV and 33kV. 
Bus 9, bus 10, bus 11, bus 13 and bus 14 initially rated at above 33 kV. When the system loadability was 
increased to 200%, the bus voltage (kV) for each of load busses decreases. After the installation of 
STATCOM and ESS at bus 14, the bus voltage (kV) of load buses increases at least more than 33kV. Bus 14 
however has higher voltage (kV) compared to initial value due to the power generated from STATCOM and 
ESS. The bus voltage does not drop heavily and the system does not collapse after the loadability was 
increase by 200% because the IEEE 14 bus system is a strong system with 4 generators and only 9 general 
loads. The system is also not widely interconnected like some other systems and the available generation 
units prevent any possible collapse even though the loadability has been increased greatly. 
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Comparison of Bus Voltage (p.u) 
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Figure 11. The bus voltage (kV) comparison for load buses 


4.6. Comparison with Previous Studies 
Figure 12 shows the bus voltage (p.u) of this study and previous studies. The load buses in all 


studies are different from each other. Generally, the installation of STATCOM and ESS at bus 14 in this 
study is noticeable better compare to only the application of STATCOM in [26, 27].The bus voltage (p.u) in 
this study at bus 10 is 0.167 p.u higher compare to [27]. At the voltage (p.u) of bus 11 this study is at 1.000 
p.u while [26, 27] at 0.990 p.u and 0.927 p.u respectively. At bus 12, the bus voltage in this study is at 1.009 
p.u while both bus voltage (p.u) in [26, 27] is lower than 1.000 p.u. At bus 13, the bus voltage in this study is 
0.002 p.u and 0.041 p.u higher than [26, 27] respectively. At bus 14, both this study and [26] obtained 1.000 


p.u while [27] only obtain 0.815 p.u. 
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Figure 12. The comparison between this study and previous studies 
This analysis has proof that the installation of both STATCOM and ESS is comparably better than 
only the application of STATCOM. The installation of STATCOM and ESS is at bus 14 as it is the weakest 
bus and the most vulnerable towards loadability changes. This is due to the location of bus 14 far from 
generator and being interconnected to other load buses. 


5. CONCLUSION 

The installation of STATCOM and ESS at bus 14 with 38 Mvar and 5 Mvar respectively has 
successfully improve the system stability. The voltage (p.u) and voltage (kV) at bus 14 have been improved 
significantly from 0.935 p.u to 1.000 p.u and 30.840 kV to 33.000 kV respectively. The IEEE 14 bus system 
has higher bus voltage thus better stability when the STATCOM and ESS were applied at bus 14 compared to 
system without STATCOM and ESS. The STATCOM was able to supply the required reactive power while 
the ESS was able to compensate sufficient reactive energy towards the system in order to improve the power 
system stability. In this research, the interrelation between the purposed sizing and placement of STATCOM 
and ESS with the IEEE 14 bus system has been examined. The main focus for this research is to examine the 
effect of installing the STATCOM and ESS for power system stability improvement. The power system 
stability improvement has been successfully achieved by placing the STATCOM and ESS at the most 
vulnerable bus, which is at bus 14. The sizing of the STATCOM and ESS were determined during the 
conduction of simulation to ensure the effectiveness of each sizing. The simulation results verified the correct 
sizing and placement of STATCOM and ESS towards the improvement of power system stability. 
The impact of the sizing and placement of STATCOM and ESS has been discussed in case of increase of 
system loadability. The proposed system executes successfully. 
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